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ABSTRACT 

Prejunctional  muscarinic  receptors  from  the  deep  muscular 
plexus  of  canine  ileum  were  studied,  and  their  properties  were 
compared  with  those  of  the  postjunctional  receptors  of  the 
circular  smooth  muscle.  In  the  purified  synaptosomal  fraction  (a 
fraction  containing  primarily  the  axonal  varicosities  of  deep  mus¬ 
cular  plexus),  the  muscarinic  ligand  N-(^H|methylscopolamine 
labeled  an  apparently  homogenous  population  of  receptors  (Rh 
=  1 )  with  a  Ka  of  2.7  nM  and  a  Smax  of  1 95  ±  44  fmol/mg  protein 
(mean  ±  S.D.,  n  =  4).  These  receptors  showed  a  high  affinity  for 
the  M3/M, -selective  antagonist  4-diphenylacetoxy-N-methylpi- 
peridine  methiodide  (pK,  =  7.41):  in  contrast,  the  pK,  values  of 
pirenzepine  (5.60),  methoctramine  (5.65)  and  AF-DX  116  (5.21) 
implied  little  selectivity  for  these  subtypes.  The  binding  properties 
of  muscarinic  receptors  in  the  synaptosomal  fraction  were  differ¬ 
ent  from  the  binding  properties  of  muscarinic  receptors  in  the 


purified  circular  smooth  muscle  plasma  membranes.  Most  nota¬ 
bly,  the  circular  smooth  muscle  receptors  had  significantly  lower 
affinity  for  N-[^H]methylscopolamine  (K^  =  16  nM)  with  a  6„a. 
value  of  2088  ±  276  fmol/mg.  The  affinities  of  the  M2  subtype- 
selective  muscarinic  antagonists  methoctramine  and  AF-DX  1 1 6 
were  similar  both  membrane  preparations.  The  receptor  pop¬ 
ulation  associated  with  the  deep  muscular  plexus  synaptosomal 
fraction  was  linked  to  the  inhibition  of  adenylate  cyclase  activity, 
as  demonstrated  by  a  concentration-dependent,  atropine-sensi¬ 
tive  inhibition  of  the  forskolin-stimulated  enzyme  in  the  presence 
of  muscarinic  agonists  carbachol  and  oxotremorine.  Based  on 
the  pharmacological  observations  presented  here,  the  prejunc¬ 
tional  muscarinic  receptors  in  the  axonal  varicosities  of  deep 
muscular  plexus  are  different  from  the  postjunctional  receptors 
present  In  the  circular  smooth  muscle. 


Most  investigations  of  the  gastrointestinal  tract  have  focused 
on  postjunctional  receptors  associated  with  various  gastroin¬ 
testinal  smooth  mu.scles  (Giraldo  et  al,  1987,  1988;  Muommi  el 
al.  1988;  Herawi  et  al,  1988;  Lucchesi  et  al.  1989).  These 
receptors  mediate  the  direct  excitatory  effects  of  acetylcholine 
on  the  contractile  activity  of  smooth  muscle  cells.  The  musca¬ 
rinic  receptor-mediated  effects  of  acetylcholine  on  the  contract¬ 
ile  responses  in  the  gastrointestinal  tract  also  involve  an  indi¬ 
rect  component  resulting  from  the  activation  of  receptors  pres¬ 
ent  in  the  enteric  nervous  system. 
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In  contrast  to  the  postjunctional  receptors,  the  pharmacolog¬ 
ical  properties  of  neural  muscarinic  receptors  are  less  clearly 
defined.  In  the  ileum,  muscarinic  receptors  have  been  identified 
in  ganglionic  plexuses  (myenteric  and  submucosal)  of  guinea 
pig  and  dog.  The  pharmacological  properties  of  the.se  receptors 
have  been  elucidated  primarily  by  functional  studies  or  by 
monitoring  the  activities  of  single  neurons  by  electrophysiolog- 
ical  techniques  (Kilbinger,  1984;  Fox  et  al.  1985;  North  et  al. 
1985;  Schworer  and  Kilbinger.  1988;  Schiavone  et  al..  1989).  It 
has  been  .shown  that  mu.scarinic  receptors  in  the  myenteric  and 
submucosal  plexuses  consist  of  pharmacologically  heterogenous 
populations,  mediating  both  excitatory  and  inhibitory-  re¬ 
sponses.  It  has  been  suggested  that  the  excitatory  receptors, 
having  a  high  affinity  for  pirenzepine,  are  located  postsynapt- 
icaliy  on  neuronal  somas  or  dendrites.  The  inhibitory  receptors, 
exhibiting  a  low  affinity  for  pirenzepine.  were  associated  with 
the  axonal  varicosities  of  myenteric  and  submucosal  nerves, 
mediating  the  prejunctional  inhibition  of  neurotransmitter  re¬ 
lease  (Kilbinger  and  Nafziger,  1985;  North  et  al.  1985;  Hashi- 
moto  et  al.  1986). 


’■"'Abbreviations:  |*H|NMS,  N-|^H|methylscopolamine;  4-DAIVtP.  4-cliphenylacetoxy-N-methylpfpendine  methiodide;  MOPS  3-(N-morpho- 
.*j,*jino)pfopanesulfonin  ar  d  cAMP,  cyclic  AMP. 
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Recently,  it  was  shown  that  the  hindinj;  properties  of  [)re- 
junctional  muscarinic  receptors  in  the  myenteric  plexus  of 
canine  ileum  can  he  discriminated  from  the  hindin*;  properties 
of  smooth  muscle  receptors  if  the  hindinf;  assay  were  performed 
with  highly  purified  membrane  materials  (Kostka  cf  iti,  1989a). 
The  present  study  extends  these  initial  observations  liy  exam¬ 
ining  the  pharmacological  properties  of  prejunctional  receptors 
in  the  deep  muscular  plexus.  'I’his  plexus,  embedded  within  the 
circular  mu.scle  layer,  is  formed  by  a  network  of  neurites  ex¬ 
tending  from  both  myenteric  and  .submucosal  plexuses  I  Furness 
and  Costa,  1987;  Herman  and  Ka.ss,  1990).  Thus,  deep  muscular 
plexus  should  be  suitable  for  the  characterization  of  receptors 
associated  with  axonal  varicosities  tiecause  1)  the  deep  muscu¬ 
lar  plexus  lacks  neuronal  cell  bodies  and  2)  the  interferences  of 
receptors  derived  from  neuronal  somas  will  not  contribute  to 
the  binding  properties  of  prejunctional  receptors. 

Materials  and  Methods 

Materials.  |  HINMS  (specific  acliviiv  H.l  H7  t’i/minol)  and  In-  l’| 
ATI’  (approximately  2000  t'i/ninioll  were  purchased  friuii  New  Kng- 
land  Nuclear  (Ho.ston,  M.A).  Meth()c(ramine  and  l-DAMP  were  ob¬ 
tained  from  Research  Hiochemicals  Inc.  (Natick.  NA).  .'Atropine  wa.s  a 
product  of  Si};ma  Chemical  Co.  (St.  bouis,  .MOl.  I’irenzepine  and  Ac'- 
1)X  IK)  were  provided  by  Karl  ThoniiV  (ImHH  (Bibentch,  Ciermiiny. 
All  other  analytical  grade  chemicals  were  purchased  from  <(immercia! 
sources. 

Membrane  preparation.  The  suhcellular  fractionation  of  circular 
stnooth  muscle/deep  muscular  plexus  was  performed  as  previously 
described  (Ahmad  c(  al,  1987.  1988).  Hrietly.  the  circtdar  smooth 
rnu.scle/deej)  mu.scular  plexus  was  separ.Ued  from  the  longitudimd 
muscle  layer  and  subinucosa  by  mechanical  dissection.  Routinely,  mem¬ 
brane  preparations  were  obtained  from  l.'i  to  20  g  of  circuhir  smooth 
mu.scle  di.s.sected  from  the  whole  lengfh  of  dog  ileum.  My  light  micro¬ 
scopic  examination,  the  circular  sniooth  muscle  strips  were  devoid  of 
suhmucosa,  and  contaminating  suhmucosa  and  longitudinal  muscle  was 
estimated  to  not  exceed  I'V  to  2'V  of  the  tissue  muscle.  The  tissue  w.is 
suspended  in  the  isolation  buffer  (2.')0  mM  sttcrose,  10  mM  MgCI.  tuid 
20  mM  MOl’.S-NaOH  pH  7..t)  at  wet  weight/volume  ratio  of  1:10,  and 
then  the  tissue  was  minced  and  homogenized  for  20  sec  (I’olytron  I’T 
20.  l.o.OOO  rpml.  The  homogenate  was  centrifuged  at  1,000  x  g  for  10 
min,  and  the  supernatant  was  next  centrifuged  at  10,000  x  g  for  10 
min.  The  pellet  (crude  synaptosomal  fraction)  was  savetl,  ami  the 
supernatant  was  used  to  preptire  the  crude  microsomal  pellet  by  cen¬ 
trifugation  at  170,000  X  g  for  00  min.  The  pellet  was  resuspended  in 
the  isolation  buffer  and  centrifuged  at  10.000  X  g  for  10  min  to  yiehl 
the  refined  microsomal  fraction  as  a  supernatant.  1)  The  purified 
synaptosomal  fraction  was  prep:tred  by  sucrose  density  gradient  frac¬ 
tionation  of  the  crude  synaptosomal  fraction.  The  gradients  consisted 
ol  2  ml  each  of  Mb  ,  2.')'i  ,  d.o'V  ,  -tO'V  and  48‘7  sucrose  solutions.  After 
t  he  cent  rifugation  at  1 10, 000  X  g  tor  100  min,  I  he  purified  synaplosomes 
were  obtained  by  combining  the  i)rotein  hands  at  (he  /  lO'V  and 
40'7/48'V  sucrose  interfaces.  2)  The  purified  smooth  muscle  plasma 
membranes  of  circular  smooth  muscle  were  obtained  by  fritctionalion 
of  the  refined  microsomal  fraction  on  sucrose  density  gradients  ( 1 10.000 
X  g  X  100  min)  consisting  of  2.h  ml  each  of  !4'V,  .'l.'i'V.  40'V  and  4H'V 
sucrose.  The  purified  fraction  of  smooth  muscle  |)lasmalemma  was 
recovered  from  the  14'(/;i;l'.  sucrose  interface. 

The  relative  enrichment  of  axonal  varicosities  in  the  purified  syn 
a|/tosonial  fraction  and  of  smooth  muscle  piasmalemma  m  the  traction 
of  smooth  muscle  plasma  membranes  was  based  on  the  activities  of 
tetrrxlotoxin  sensitive  | 'H |saxitoxin  binding,  a  marker  of  neuronal 
plasma  membranes,  and  of  .o'-.AMI’ase,  a  marker  of  smooth  muscle 
plasma  memhram  ^  (Ahmad  O  iil,  1988;  Kostka  rl  nl.  1987).  The 
purified  synaptosomal  fraction  was  enriched  aiiproxim.itely  2()-fol(l  in 
the  I 'H|saxitoxin  binding  over  the  postma  lear  supernatant,  and  the 


(irefiaration  ol  smooth  muscle  (d.isma  mcmhr.uie.s  u.is  .ipproxuicUcR 
20  fold  enrir’hed  in  .-Wll’ase  ac(l\it\.  (.Ahmad  t  t  <d  .  19,87,  19, 8, 81. 

■finding  a.ssay.  Thi-  assav  ot  |  H|\MS  liinduig  was  c.irried  out  as 
described  (ireviously  (Kostka  c)  al-.  l!)89a).  Hrietlv,  (he  membrane 
fractions  were  incubated  with  the  ligand  for  20  min  al  97  ('  in  a  media 
buffered  to  pH  7.1  b\  .70  mM  M()l'.8  imiilazole.  I'he  tmubation  was 
terminatisl  b\  dilution  ot'  samples  wit  h  ice  .-old  butter  (  1 0  inM  M(  )1’S 
imidazole.  0.27  M  sucrose,  till  7.1)  lollowed  by  rapid  filtration  under 
suction  using  W'iiatman  (IK  K  tillers.  The  sjiecifii  binding  was  deter 
mined  as  a  |)ortion  of  total  binding  inhibited  by  to  gM  alro|)ine.  1  he 
atropine  insensitive  retention  ol  ligand  represenlisl  less  than  17',  ot 
t  he  total  binding. 

The  compelition  studies  were  conducted  simultaneously  on  boih 
synaptosomal  and  smoot  h  muscle  |)lasuia  membrane-enriched  frai  l  ions 
prepared  from  the  same  starting  material.  Tyiiically.  the  |  H|N’MS 
coneentralions  in  (he  comiietilion  ex|)erimenls  were  near  or  above  the 
K.,  value  for  a  particular  receptor  popiilat  ion  (9  7  iiM  liir  svnaiitosomal 
fraction;  17  20  iiM  lor  smooth  muscle  plasma  memiiranes). 

Adenylate  cyclase.  The  adenylate  cyclase  activity  m  the  crude 
.syna|)losomal  fraction  was  determined  as  |)reviouslv  describerl  (Ko.stka 
et  III.  19Hi)c).  The  reaction  mixtures  contained  77  mM 
lris(hydroxymelhyllaminomelhane-H('l.  |)H  7.4.  4  mM  MgCf.  (l.()7 
m.M  A't'l’,  ().()7  m.M  c.A.MF.  t,  m.M  ti  ri’,  I  in.VI  dithioihreitol.  I  m.M 
ethyleneglycol  bisl.t-aminoeihyi  etherl-N.N.N'N'-tetraacelic  acid.  7 
mM  creatine  |>hosphate,  II  I’  ol  creatine  iihosphokinase.  1  mg,9nl 
bovine  serum  albumin.  7  mM  theo|)hylline.  1  to  1.2  gCi  .if  (o-  l’|.A ’l  l’ 
and  20  to  40  gg  of  membrane  iirotein  in  a  final  volume  of  1.70  gl.  .After 
the  incubation  for  17  min  al  ill)  (’.  the  reaction  was  terminated  by 
adding  100  gl  of  4  mM  c.AMl’  and  boiling  the  samples  for  7  min.  The 
cenirifuged  sam|)les  were  diluted  by  1  ml  of  distilled  water,  and  l  'H| 
c.AMl’  (approximately  20.(100  c()m)  was  added  to  monitor  the  chromal  - 
ogriiphic  recovery  of  c.AMl’.  c.AMl’  was  separated  from  .A  TI’  using 
se<|uential  chronmtography  on  Dowex  and  alumina  columns  as  de¬ 
scribed  by  .Salomon  ct  al.  ( 1974). 

Protein  assay.  The  protein  content  in  membrane  fractions  was 
determined  itccording  to  l.owry  ct  al.  ( 1971 ). 

Data  analysis.  I'he  data  from  individual  binding  experiments  were 
amilyzed  by  the  IMM-compalihle  computer  program  FvHD.A  (Dr.  (1.  .A. 
Mcl’her.son.  Vanderbilt  I'niversity:  saturation  studies)  or  CD.-VI'A  87 
(KMK  Software.  Knoxv  ille.  rX;  compelition  sltidies).  In  competition 
studies,  the  comparison  of  d.tta  fit  for  one-site  or  two  siie  models  was 
based  on  a  statistical  test  of  residuals.  K  values  were  calctil.-ited  from 
It ' ...  values  as  previously  described  according  tot  he  equation  K.  =  K’ . , 
(I  +  |1,|/K.|)  (Cheng  and  I’rusoff,  1979-,  Reader  ct  al.  1989).  I'nless 
stated  otherwise,  the  data  are  expressed  as  mean  ±  .S.l).  obtained  from 
the  number  of  experiments  inihcated  in  (he  (ext. 

Results 

Saturation  analysis  of  [''HINMS  binding  in  the  subcel- 
lular  fractions  from  circular  smooth  muscle/deep  mus¬ 
cular  plexus.  The  re.sult.s  of  the  .saturation  analy.si.s  of  [  H) 
NMS  binding  to  membrane  fractions  prepared  from  the  ho¬ 
mogenates  of  the  circular  smooth  muscle/deep  muscular  plexus 
are  illustrated  in  figure  1.  In  the  purified  synaptosomal  fraction 
(fig.  lA),  the  half-maximal  .saturation  of  binding  sites  (/v,,) 
obtained  with  j'HjNMS  was  2.7  ±  0.4  nM.  with  a  R„,.„  value 
of  19.5  ±  44  fmol/mg  protein  (n  =  4).  In  the  purified  smooth 
muscle  plasma  membranes  (fig.  IR),  the  K,,  value  of  ['HjNMS 
binding  was  Ifi  ±  2  nM  and  the  R,,,.,.  =  2088  ±  270  fmol/mg  (n 
=  4).  These  data  were  indicative  that  two  different  populations 
of  muscarinic  receptors  were  pre.sent  in  the  membrane  fractions 
obtained  from  circular  smooth  muscle/deep  muscular  plexus; 
the  prejunctional  muscarinic  receptors  found  in  the  purified 
synaptosomal  fraction,  and  the  postjunctional  muscarinic 
receptors  associated  with  the  smooth  muscle  plasma  mem- 


228 


Kostka  et  al. 


Vol.  263 


[^Hj-NMS  (tiM)  [^H]-NHS  (nM) 


Fig.  1.  Saturation  analysis  of  binding  to  muscarinic  receptors 

in  tbc  pu.'ified  sy^apto'-omai  fraction  (A)  and  in  the  smooth  muscle  plasma 
ineriiuranes  (B)  with  ‘he  cor:e-:,cc":l''3  Scatchard  plots  (insets).  The 
data  points  are  means  of  triplicate  measurements. 

branes.  Furthermore,  these  membrane  populations  can  be  dis¬ 
tinguished  based  on  their  affinities  for  (''HJNMS. 

In  either  membrane  traction,  the  [‘HJNMS  interacted  with 
an  apparently  uniform  population  of  binding  sites  because  the 
Scatchard  plots  were  linear  (fig.  1,  insets),  and  the  Hill  coeffi¬ 
cients  were  unity  ( rin  =  1 .00  ±  0.02  in  the  purified  synaptosomal 
fraction;  1.00  0.03  in  the  purified  smooth  muscle  plasma 

membranes;  n  =  4).  These  findings  suggested  that  the  mem¬ 
brane  fractions  contained  only  marginal  amounts  of  cross¬ 
contamination. 

Competition  studies.  To  characterize  the  pharmacological 
properties  of  prejunctional  and  postjunctional  muscarinic 
receptors  in  the  circular  smooth  muscle/deep  muscular  plexus, 
subtype-selective  muscarinic  antagonists  were  used  in  ['H)- 
NMS  competition  binding  experiments.  The  results  are  sum¬ 
marized  in  figure  2  and  table  1.  The  potencies  of  muscarinic 
antagonists  on  prejunctional  receptors  (fig.  2A)  showed  the 
following  order:  4-DAMP  >  pirenzepine  =  methoctramine  > 
AF-DX  116  (K,  values  of  0.039,  2.54,  2.25,  6.20  jiM,  respec¬ 
tively).  Each  antagonist  inhibited  ['HJNMS  binding  competi¬ 
tively  because  the  Hill  coefficients  were  close  to  unity. 

A  similar  ranking  of  potencies  of  the  four  subtype-specific 
muscarinic  antagonists  was  observed  in  competition  studies 
with  postjunctional  receptors  (fig.  2B).  However,  the  affinities 
of  4-DAMP  and  pirenzepine  were  approximately  4-  to  5-fold 
less  potent  compared  to  the  corresponding  affinities  obtained 
with  the  prejunctional  receptors.  Conversely,  the  cardioselec- 
tive  compounds  AF-DX  116  and  methoctramine  had  compa¬ 
rable  affinities  for  both  prejunctional  and  postjunctional  recep¬ 


tors.  The  inhibition  of  [  ‘HJNMS  binding  by  AF-DX  116  to 
postjunctional  receptors  resulted  in  shallow  competition  curves 
with  a  Hill  coefficient  significantly  less  than  1. 

Interaction  of  prejunctional  receptors  with  adenylate 
cyclase.  The  primary  tran.sducing  event  triggered  by  the  acti¬ 
vation  of  po.stjunctional  muscarinic  receptors  in  the  smooth 
muscles  of  gastrointestinal  tract  is  the  activation  of  phospho- 
lipa.se  C,  followed  by  the  enhanced  turnover  of  phosphoinosi- 
tides  and  Ca*^^  mobilization  (Ek  and  Nahorski,  1988;  Salmon 
and  Bolton,  1988).  However,  little  is  known  about  the  signaling 
pathway(s)  linked  to  the  enteric  prejunctional  receptors.  Thus, 
we  next  examined  the  activity  of  synaptosomal  adenylate  cy¬ 
clase  in  response  to  the  activation  of  prejunctional  muscarinic 
receptors. 

The  basal  adenylate  cyclase  activity  in  the  crude  synaptoso¬ 
mal  iraciion  tb8ti  2z  60  pmol  of  cAMP  per  milligram  of  protein 
per  15  minutes;  n  =  7)  was  stimulated  approximately  3-  to  4- 
fold  in  the  presence  of  10  ^M  forskolin.  The  muscarinic  agonists 
carbachol  and  oxotremorine  caused  a  concentration-dependent 
inhibition  of  forskolin-stimulated  adenylate  cyclase  activity, 
and  this  inhibition  was  abolished  in  the  presence  of  1  mM 
atropine  (fig.  3).  These  observations  implicated  the  inhibition 
of  adenylate  cyclase  activity  in  the  mechanism(s)  of  signal 
transduction  activated  by  the  prejunctional  muscarinic  receptor 
in  the  deep  muscular  plexus.  In  view  of  studies  demonstrating 
the  involvement  of  phospholipase  C  in  the  propagation  of  signal 
from  the  gastrointestinal  postjunctional  receptors,  the  musca¬ 
rinic  receptor-mediated  inhibition  of  adenylate  cyclase  in  the 
present  study  showed  fundamental  differences  in  the  mode  of 
coupling  of  prejunctional  and  postjunctional  receptors  to  the 
.second  messenger  systems.  However,  involvement  of  phosphoi- 
nositide  metabolites  in  the  transducing  pathway  is  possible, 
inasmuch  as  muscarinic  receptors  linked  to  the  inhibition  of 
adenylate  cyclase  were  shown  to  accelerate  the  hydrolysis  of 
phoshoinositldes  under  certain  circumstances  (Bonner,  1989). 

Discussion 

To  our  knowledge,  this  study  was  the  first  to  demonstrate 
the  presence  of  prejunctional  muscarinic  receptors  in  the  axonal 
varicosities  of  deep  muscular  plexus.  These  receptors  could  be 
identified  based  on  their  affinity  for  J  'HJNMS,  and  they  exhib¬ 
ited  several  additional  pharmacological  differences  compared 
to  the  po.stjunctional  receptors  of  the  circular  smooth  muscle. 
The  evidence  for  the  presence  of  both  prejunctional  and  post¬ 
junctional  muscarinic  receptors  in  the  circular  smooth  muscle/ 
deep  muscular  plexus  of  canine  ileum  was  derived  from  the 


Fig.  2.  Inhibition  of  pHJNMS  binding  by  muscarinic  antag¬ 
onists  4-DAMP  (squares),  methoctramine  (triangles),  pi¬ 
renzepine  (circles)  and  AF-DX  116  (diamonds)  in  the  pu¬ 
rified  synaptosomal  fraction  (A)  and  purified  smooth  mus¬ 
cle  plasma  membranes  (B)  The  antagonist  effects  were 
measured  simultaneously  on  the  membrane  fractions  pre¬ 
pared  from  the  same  starting  material.  The  ligand  concen¬ 
trations  were  near  or  greater  than  the  values  (2.5-4 
nM  for  presynaptic  receptors:  1 5-20  nM  for  postjunctional 
receptors).  The  results  represent  means  of  triplicates  from 
a  single  representative  experiment  with  each  antagonist. 
The  average  binding  affinities,  corrected  for  ligand  occu¬ 
pancy  (K,  values),  were  calculated  from  three  indepe'''^°nt 
experiments  and  are  presented  in  table  1 
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Inhibition  constants  of  subtype-specific  muscarinic  antagonists 

Results  are  means  ±  S  D  of  three  experiments 


Antagonisi 

K. 

Prejunctiondl  receptors 

Post|unctional  receptors 

4-DAMP 

0.039  ±  0.004 

mW  (n^j 

0.19  ±  0.02*- 

Pirenzepine 

(1.02  ±  0.02) 
2.54  ±  0.27 

(1 .00  ±  0.03) 

9.50  ±  0.42— 

Methoctramine 

(1.05  ±  0.04) 
2.25  ±  0.29 

(1.01  ±  0.05) 

2.21  ±  0.15 

AF-DX  116 

(0.99  ±  0  03) 
6.20  ±  0.27 

(0.98  ±  0.03) 

12.5  ±  0.6— •* 

(0.97  ±  0.04) 

(0  71  ±  0.05") 

‘  Refers  to  the  apparent  K,  value  i,n„<  1 ). 

"  Significantly  different  from  unity  (P  <  01);  ■"  significantly  different  from  the 
corresponding  K,  value  for  prejunctional  receptors  (P  <  .001). 


Fig.  3.  Muscarinic  receptor-mediated  inhibition  of  forskolin-stimulated 
adenylate  cyclase  activity  in  the  crude  synaptosomal  fraction  from  the 
circular  smooth  muscle/deep  muscular  plexus.  The  samples,  containing 
20  to  40  of  membrane  protein,  were  incubated  in  the  presence  of  10 
^iM  forskolin  with  either  carbachol  (open  bars)  or  oxotremorine  (diagonal 
hatched  bars)  at  molar  concentrations  indicated  under  the  abscissa.  The 
adenylate  cyclase  activity  is  expressed  as  percent  of  forskolin-stimulated 
response.  The  results  are  mean  values  from  triplicate  measurements  of 
adenylate  cyclase  activity  on  four  membrane  preparations.  The  standard 
deviations  are  indicated  by  vertical  lines  at  the  top  of  the  bars.  The  data 
were  analyzed  by  one-way  analysis  of  variance  and  the  statistical  signif¬ 
icance  of  differences  in  between-column  means  was  determined  by 
Scheffe's  test.  In  the  presence  of  1  mM  atropine,  the  adenylate  cyclase 
activity  observed  with  0.1  mM  oxotremorine  (103  ±  6%)  or  1  mM 
carbachol  (1 01  ±  5%)  was  not  significantly  different  from  the  activity  in 
the  presence  of  forskolin  alone  (P  >  .2).  *P  <  .05;  ”P  <  .01 . 

examination  of  binding  properties  of  these  receptors  in  the 
purified  synaptosomal  fraction  and  in  purified  smooth  muscle 
plasma  membranes.  The  association  of  synaptosomal  binding 
activity  with  axonal  varicosities  of  deep  muscular  plexus  was 
supported  by  several  observations.  First,  it  has  been  shown  that 
the  purified  synaptosomal  fraction  is  selectively  enriched  in 
neuron-specific  markers  such  as  ['H]saxitoxin  binding  and  the 
amount  of  immunoreactive  vasoactive  intestinal  peptide  (Ah¬ 
mad  et  ai,  1988;  Gordon  et  at.,  1990).  Furthermore,  the  synap¬ 
tosomal  fraction,  unlike  smooth  mu.scle  plasma  membranes, 
was  found  to  contain  a  high  level  of  opioid  receptors,  reflecting 
their  predominant,  if  not  exclusive,  association  with  the  enteric 
nerves  (Allescher  et  at.,  1989).  In  addition,  the  anatomical 
organization  of  the  deep  muscular  plexus,  i.e.,  the  absence  of 
neuronal  cell  bodies,  precludes  the  assignment  of  the  synapto¬ 


somal  binding  activity  to  plasma  membranes  of  neuronal  cell 
bodies.  Lastly,  significant  differences  in  the  muscarinic  recep¬ 
tor  binding  between  the  synaptosomal  fraction  and  the  smooth 
muscle  plasma  membrane  fraction  obviate  the  concern  that  the 
synaptosomal  binding  activity  may  be  derived  from  the  contam¬ 
inating  smooth  muscle  plasmalemma. 

In  examining  the  pharmacological  properties  of  prejunctional 
receptors,  we  found  that  the  Mi/Mi  subty'pe-selective  antago¬ 
nist  4-DAMP  was  the  most  potent  inhibitor  of  [  'H|NMS  bind¬ 
ing  in  the  synaptosomal  fraction.  The  high  affinity  of  4-DAMF 
for  gastrointestinal  prejunctional  receptors  has  also  been  ob¬ 
served  in  elect  rophysiological  and  binding  studies  using  myen¬ 
teric  and  submucosal  plexuses  (North  et  ai,  1985;  Kostka  et 
at.,  1989a).  On  the  other  hand,  the  M, -selective  antagonist 
pirenzepine  and  the  cardioselective  compounds  methoctramine 
and  AF-DX  1 16  interacted  with  low  affinity  at  the  prejunctional 
recepiuis  in  the  present  study.  Thus,  the  prejunctional  musca¬ 
rinic  receptors  in  the  ileum  might  have  a  pharmacological 
profile  of  the  M:i  subtype.  However,  this  was  at  variance  with 
the  present  and  past  observations  of  muscarinic  receptor-me¬ 
diated  inhibition  of  adenylate  cyclase  in  the  synaptosomal 
fractions  from  myenteric  and  deep  muscular  plexuses  (Kostka 
et  ai,  1989b).  Also,  others  have  shown  that  the  M:i  subtype 
mediates  primarily  tbe  excitatory  responses,  using  the  en¬ 
hanced  turnover  of  phosphoinositides  and  Ca**  mobilization 
as  a  transducing  pathway  (Noronha-Blob  et  at..  1987;  Jacobson 
et  ai,  198.5). 

Prejunctional  receptors  were  shown  to  negatively  modulate 
adenylate  cyclase  activity,  and  recent  cloning  studies  have 
identified  two  different  subtypes  of  muscarinic  receptors,  m2 
and  m4  (Bonner  et  ai,  1987;  Peralta  et  ai,  1987),  which  were 
also  linked  to  the  inhibition  of  adenylate  cyclase.  The  m2 
receptors  resemble  the  pharmacologically  defined  (cardiac) 
receptors.  Inasmuch  as  the  binding  data  from  the  prejunctional 
receptors  in  deep  muscular  plexus  (particularly  their  low  affin¬ 
ities  for  cardioselective  antagonists  methoctramine  and  AF- 
DX  116)  clearly  showed  a  lack  of  similarity  to  cardiac  M_. 
receptors,  the  prejunctional  receptors  studied  here  might  re- 
•semble  the  cloned  m4  receptor.  This  conclusion  was  recently 
proposed  by  Eblert  et  at.  (1989)  to  account  for  the  pharmaco¬ 
logical  properties  of  adenylate  cyclase-linked  muscarinic  recep¬ 
tors  in  the  rat  striatum.  The  striatal  receptors  were  found  to 
have  a  high  affinity  for  4-DAMP  and  low  affinities  for  piren¬ 
zepine,  gallamine  and  AF-DX  116.  The  m4  receptor  subtype 
has  been  shown  to  have  low  affinity  for  pirenzepine  and  car¬ 
dioselective  agents  (Buckley  et  ai.  1989). 

The  functional  role  of  prejunctional  muscarinic  receptors  in 
the  deep  muscular  plexus  remains  to  be  elucidated.  Most  likely, 
these  receptors  will  have  a  function  similar  to  that  of  the 
prejunctional  receptors  of  myenteric  and  submucosal  plexuses, 
that  is,  the  negative  control  of  neurotransmitter  release  (Briggs 
and  Cooper,  1982;  North  et  ai,  1985). 

The  properties  of  postjunctional  muscarinic  receptors  asso¬ 
ciated  with  the  circular  smooth  muscle  were  studied  by  exam¬ 
ining  the  characteristics  of  [  ‘H]NMS  binding  to  the  fraction  of 
purified  smooth  muscle  plasma  membranes.  In  competition 
studies,  none  of  the  tested  antagonists  exhibited  potent  inhi¬ 
bition  of  ['H]NMS  binding.  The  low  potencies  of  pirenzepine, 
AF-DX  1 16  and  methoctramine  suggested  an  absence  of  either 
Ml  or  Mv  receptor  subtypes  in  canine  circular  muscle.  However, 
the  relatively  low  potency  of  4-DAMP  precluded  the  classifi¬ 
cation  of  these  receptors  as  being  of  M  i  category. 
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Previous  binding  studies  have  suggested  that  the  postjunc¬ 
tional  receptors  on  gastrointestinal  smooth  muscles  exhibit  the 
properties  of  a  mixture  of  and  Mi  receptors,  i.e.,  some 
subtype-selective  muscarinic  antagonists  such  as  AF-DX  116, 
methoctramine  and  hexahydrosiladifenidol  display  a  complex 
behavior  in  competition  curves,  which  could  be  resolved  into 
two  independent  sites  (Giraldo  et  al.,  1987,  1988;  Michel  and 
Whiting,  1988;  Gordon  et  al.,  1989).  In  the  present  study,  the 
competition  experiments  did  not  reveal  heterogeneity  of  bind¬ 
ing  sites  in  the  smooth  muscle  plasma  membrane  fraction. 
Except  for  AF-DX  116,  the  Hill  coefficients  for  the  four  sub- 
type-specific  muscarinic  antagonists  were  not  significantly  dif¬ 
ferent  from  unity.  Although  the  competition  experiments  with 
AF-DX  116  resulted  in  shallow  curves  and  Hill  coefficients 
significantly  less  than  1,  the  computer-assisted  resolution  of 
binding  data  into  a  two-site  model  dia  not  improve  the  fit. 
Considering  the  relatively  low  potency  of  .AF-DX  116  in  the 
present  model  (apparent  K,  value  of  1.2  ;iM),  it  was  likely  that 
the  complex  behavior  of  this  compound  might  be  related  to  the 
presence  of  allosteric  effects.  Similarly,  allosteric  effects  of  AF- 
DX  116  have  been  reported  for  smooth  muscle  muscarinic 
receptors  (Roffel  et  al.,  1989).  Therefore,  the  binding  data  in 
the  present  study  did  not  permit  the  clear-cut  delineation  of  a 
pharmacological  subtype(s)  for  the  postjunctional  muscarinic 
receptor  in  the  circular  smooth  muscle.  However,  it  could  not 
be  excluded  that  the  muscarinic  receptor(s)  in  the  gastrointes¬ 
tinal  tract  might  represent  a  category  that  is  distinct  from  the 
three  major  pharmacological  classes  of  muscarinic  receptors 
(Batink  et  al.,  1987;  Bonner  et  al.,  1987;  Buckley  et  at,  1989; 
Kostka  et  al„  1989a;  Peralta  et  al.,  1987). 
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